Microstructural phase of linepipe steels depends on different isothermal conditions. Thermal cycling testing of X90 linepipe steel was conducted using a thermomechanical simulator. The results have shown that with increased holding time, the microstructure constituents change from the martensite and bainitic ferrites to granular bainite and polygonal ferrite. There was the amount of martensite in the microstructure for isothermal holding times of 5 and 10 s at 700ºC. The effects of the martensite strengthening were weak. The changes of the hardness curve are decided by microstructural phase and the precipitation behavior. The interphase precipitation seems to begin for isothermal holding times greater than 30 s. It has a peak value for isothermal holding time of 600 s. Some fcc (Ti, Nb) (N, C) particles which belong to the MX-type precipitates were obtained at this condition. It is a major microstructural contributor to the hardness. The beneficial effects of the precipitates decreased considerably due to coarsening of the precipitates with prolonged holding, which results in the hardness quickly dropping. As a result, the hardness exhibited a low value after isothermal holding for 3600 s because the extent of precipitation strengthening was lessened and a lot of polygonal ferrites were formed. Microstructural phase of linepipe steels depends on different isothermal conditions. Thermal cycling testing of X90 linepipe steel was conducted using a thermomechanical simulator. The results have shown that with increased holding time, the microstructure constituents change from the martensite and bainitic ferrites to granular bainite and polygonal ferrite. There was the amount of martensite in the microstructure for isothermal holding times of 5 and 10 s at 700ºC. The effects of the martensite strengthening were weak. The changes of the hardness curve are decided by microstructural phase and the precipitation behavior. The interphase precipitation seems to begin for isothermal holding times greater than 30 s. It has a peak value for isothermal holding time of 600 s. Some fcc (Ti, Nb) (N, C) particles which belong to the MX-type precipitates were obtained at this condition. It is a major microstructural contributor to the hardness. The beneficial effects of the precipitates decreased considerably due to coarsening of the precipitates with prolonged holding, which results in the hardness quickly dropping. As a result, the hardness exhibited a low value after isothermal holding for 3600 s because the extent of precipitation strengthening was lessened and a lot of polygonal ferrites were formed.
Introduction
High strength low-alloy (HSLA) steels are widely used for pipelines, buildings, bridges, and ships because of their potential to obtain high strength-toughness combination [1] [2] [3] [4] . Alloying elements such as Mn, Ni, Cr, and Mo are added to achieve the hardenability of austenite in these HSLA steels. In addition to those alloying elements, microalloying elements such as Nb, Ti, and V, precipitate in austenite (γ) as carbides, nitrides, or carbonitrides during hot rolling, and contribute to the mechanical properties of the microalloyed steels via grain refinement, solid solution hardening, and precipitation hardening 5 -9 . When HSLA steels containing Nb, Ti or V are transformed from austenite (γ) into ferrite (α), alloy carbides are precipitated in parallel rows as a result of periodic nucleation at the migrating α/γ interface, which is called interphase precipitation 10 . Interphase precipitation is a major microstructural contributor to the hardness (strength) 11 . HSLA steels are usually produced by thermomechanical control process (TMCP). TMCP consisting of controlled hot rolling followed by controlled cooling is used to maximise the benefits of the microalloy additions present in microalloyed steels [12] [13] [14] . Traditional TMCP of microalloyed steels is employed to refine grain size and produce multi-phase microstructures, which provides good combinations of high strength and low temperature impact toughness. Suitable processing parameters in conjunction with micoalloying help improve strength through various mechanisms: microstructural refinement, solid solution hardening, precipitation strengthening, and dislocation hardening due to the modification of the resulting microstructure 15 . From a commercial perspective, the formation of precipitation is of interest for applications in the steel production process. There are few studies on interphase precipitation in X90 linepipe steel using controlled thermal cycling, even though it has been conducted under different isothermal holding times 16 . However, it is note worthy that the precipitation behavior develops during short isothermal holding times because it may be more important parameters in production lines. The present work will be able to clarify the variation in the hardness after the thermal cycle. Vickers hardness will first increase up to the maximum value, and then, decrease with the increase holding time. This phenomenon is attributed to the microstructural evolution and effective precipitation strengthening. The reasons which have yet to be investigated systematically would be made clear reasonably.
In this work, the TMCP simulations were conducted by using a laboratory thermomechanical simulator in X90 linepipe steel. The microstructures and the precipitation behavior of the specimens during different isothermal holding time were discussed by analyzing the phases and microconstituents and measuring the hardness value. The purpose is to a better understanding of the microstructure evolution characteristics under different isothermal conditions. Thermal cycling experiments were performed in a Gleeble 1500 thermomechanical simulator. In order to construct continuous cooling transformation ºCCT) curves, double-pass compression test is shown in Fig. 1 . In Fig. 1 , specimens were electrically heated at rate of 10ºC s -1 to 1250ºC, held at this temperature for 180 s and cooled down to different deformation temperatures of 1100 and 950ºC, at 5ºC s -1 , respectively. The double-pass compression test were employed with compressive strain values of 30% and 40% respectively at strain rate of 1ºC s -1 , and interpass time was set 20 s. Specimens were cooled in air to room temperature at rates of 0.3 to 33 17ºC s -1 after deformation. The constituent of the microstructure at different cooling rates are presented in Fig. 2 .
The thermal processing schedule is shown in Fig. 3 The thermal cycling specimens were first heated to austenitic solution temperature (1250ºC) for 600 s to dissolve the precipitates present in the initial microstructure, compressed by twice to produce grain-refined microstructure, and followed by cooling to 700ºC and isothermal holding for 5, 10, 30, 60, 600, and 3600 s. They were quenched to ambient temperature for terminating further precipitation. Finally, the specimens were tempered at 550ºC for 1 h to detect the effect of interphase precipitation on hardness. Measurements of the Vickers hardness were performed under a load of 500 g. Five hardness points were collected on each thermal cycling specimen. The specimens after thermal cycling for light optical microscopy (LOM) were polished and etched with 4% nital. These specimens for LOM were also colour etched using the LePera method 17 . Volume fractions and the microstructure constituents of the specimens were evaluated by Leica analyzer. This microscope with image analysis makes the measurement of the microstructure constituents perform in LOM image. The microstructure was investigated further by scanning electron microscopy (SEM) and transmission electron microscopy (TEM). The volume fractions of precipitates were assessed with the IPP image analysis software.
Results and Discussion

Optical microscopy
Optical micrographs of the experimental specimens are shown by the 500× magnification in Fig. 4 . Martensite arose when the specimen was isothermally held for 5 and 10 s at 700ºC (Fig. 4 (a, b) . In Figs. 4 (a-d), bainitic ferrite which is the main microstructure constituent in the specimens was observed. Granular bainite formed with prolonged holding (Figs. 4 (b-f). The acicular ferrite formed with prolonged holding from 30 to 600 s (Figs. 4 (c-e). Polygonal ferrite was the predominant structure in the specimens for isothermal holding times of 60, 600, and 3600 s (Figs. 4 (d-f) ). Pearlite could be observed when the specimen was isothermally held for 3600 s (Fig. 2 (f) ).
LOM micrographs of the LePera specimens are shown in Fig. 5 . In Fig. 5 , ferrite appeared gray, pearlite and bainite appeared dark, and both martensite and MA islands appeared white after LePera etching. The gray-colored ferrite and white martensite/MA islands produced after thermal cycling could clearly be distinguished. LePera etching provides results that polygonal ferrite, pearlite and bainite appeared gray and black, respectively when the specimen was isothermally held for 3600 s (Fig. 5 (f) ).
Three lines which possessed different angle were drawn in the photomicrograph, the length values of the line were produced automatically. Then took count of the number of the grain size, finally calculate th average of the ferrite grain size. The results of the ferrite grain size and the volume fractions of microstructure constituents are shown in Table 1 . Grain was the finest for isothermal holding times of 5 s, and average grain size had the lowest value (5.89 µm). The maximum ferrite grain size (10.55 µm) was obtained for isothermal holding time of 30 s. The ferrite grain size first increased and then decreased with increasing holding time. The large volume fractions (23.2 % and 20.3 %) of formed martensite in the specimens for the isothermal holding time of 5 and 10 s at 700ºC were apparent (Fig. 5 , Table 1 ). The martensite lessened with increasing holding time. Martensite/martensite-austenite islands exhibited higher levels for isothermal holding times of 30-600 s. The amount of martensite-austenite islands decreased when the specimen was isothermally held for 3600 s.
Electron microscopy
SEM micrographs of the experimental steel specimens are shown in Fig. 6 . Martensite was found in the specimen after isothermal holding for 5 and 10 s (Figs. 6 (a, b) ). Bainitic ferrite was the transformed plates shape when the specimens were isothermally held for 5, 10, 30, and 60 s (Figs. 6 (a-d) ). The GB containing martensite-austenite (MA) constituents formed with increasing holding time ( Table 2, Figs. 6 (b-f) ). Figs. 6 (c-e) ). Pearlite can be seen when the specimen was isothermally held for 3600 s ( Table 2 , Fig. 6 (f) ). Fig. 7 shows TEM micrographs when the specimesn were isothermally held for 5, 30, 600 and 3600 s. The microstructure consists of islands of martensite in a bainitic ferrite matrix (Fig. 7 (a) ). Bainitic ferrite and martensite-austenite islands are observed in Fig. 7 (b) . Granular bainite coexists with polygonal ferrite (Fig. 7 (c) ). The characteristics of granular bainite and polygonal ferrite are found in Fig. 7 (d) .
The interphase precipitation apparently occurred at the grain and subgrain boundaries. The precipitates could be observed when the specimens were isothermally held for 5, 30, 600 and 3600 s. The quantity of the dispersed precipitates particles was little in the specimen after isothermal holding for 5 s. It was difficult to observe the precipitates which existed either in the grain boundaries or within the lattice structure of the lath-like bainitic ferrite ( Fig. 8 (a) ). There appeared to be more precipitates when the specimen was isothermally held for 30 s (Fig. 8 (b) ).
Large dimension of precipitate particle was found for isothermal holding times of 600 s (Fig. 9 (a) ). Its morphology was close to round-shaped, and its diameter reached approximately 91.43 nm. The EDS analysis of the particle indicated that it was an undissolved Nb carbonitride precipitate (Fig. 9 (b) ). . TEM micrograph of the specimen for 600 s (a) (b) the precipitate particle and its EDS image; ºC) the precipitate; (d) its SADP It should belong to an undissolved Nb/Ti carbonitride precipitate. A lot of fine dispersed precipitates within the bainitic ferrite are observed (Fig. 9 (c) ). An fcc (Ti, Nb) (N, C) particle was verified by a selected area diffraction pattern (SADP) measurements (Fig. 9 (d) ). They were the MX-type precipitates.
Relatively coarse dispersed precipitates distinctly increased when the specimen was isothermally held for 3600 s (Fig. 10 (a) ). An SADP derived from a particle shown in Fig. 10 (b) indicates that it was also an fcc (Ti, Nb) (N, C) particle. They were also the MX-type precipitates.
The results of volume fraction and average size of the precipitates are given in Table 2 .
Vickers hardness
Average hardness data for each specimen after different isothermal holding times at 700ºC was obtained. Mean square deviation of the hardness value was Hv19.94. Comparison of Vickers hardness distribution is shown in Fig. 11 . Vickers hardness first gradually increased with prolonged holding time from 5 to 10 s. This was because the strengthening effect was attributed to the not only martensite, but precipitation, despite there was little dispersed precipitate particle when the specimen was isothermally held for 5 s (Fig. 8) . Then, the hardness increased rapidly due to the precipitation strengthening of finely dispersed precipitate particles when the specimen was isothermally held for 30 s at 700ºC. It is essential that the hardness increased from 30 to 600s all the time. The maximum hardness value of Hv312 was obvious because of the notable precipitation strengthening for 600 s. Finally, the hardness decreased with increasing holding time. This was attributed to a lot of polygonal ferrite and a decrease of the precipitation strengthening effect because average size of precipitates increased (Table 2 ). 
Microstructural evolution and the precipitation behavior 3.4.1 Microstructural evolution
Microstructure constituents should be important factors in enhancing the mechanical properties of steel. As mentioned above, 700ºC is above Ac 1 , there was small quantity of martensites due to water-quenching for isothermal holding times of 5 and 10 s at 700ºC (Fig. 2, Table 1 ). However, the variational results of Vickers hardness of the specimens showed that the effect of martensite strengthening was faint (Fig. 11) . The dominant microstructural constituent of the steel was certainly bainitic ferrite.
The precipitation of alloy carbides was the predominant strengthening effect at this thermal cycling condition. The interphase precipitation did not have time to occur for too short isothermal holding times, despite there was only a small amount of precipitate present for isothermal holding time of 5 s at 700ºC (Fig. 10) , and these precipitates were not the interphase precipitation. The strengthening contributions of precipitates were the lowest values (Table 2 ). This explained why the hardnesses exhibited low values when the specimens were isothermally held for 5 and 10 s, even though martensite formed (23.2 % and 20.3 %, respectively) and ferrite grains refined.
The microstructures consisted mainly of bainitic ferrite in the steel for isothermal holding times of 30-600 s. The lath-like bainitic ferrite containing high density of dislocations contributed to the enhancement of the hardness. The strengthening effect of granular bainite was presented at long isothermal holding time. A certain amount of acicular ferrite gradually arose for isothermal holding times of 30-600 s. By increasing the amount of acicular ferrite (AF) in the microstructure, steel toughness could be improved significantly 18 . Therefore, increase of the strength did not result in a decrease of total elongation largely for isothermal holding times of 30-600 s.
The strengthening contribution of precipitates
Dynamic recrystallization is known to be the major restoration process during hot deformation of low carbon microalloyed steels 19 . However, strong carbide formers, such as V, Ti and Nb would inhibit recrystallisation of the steel. The addition of microalloying elements in solid solution delayed the occurrence of dynamic transformation. The forward nucleation of ferrite occurred displacively while the retransformation back into austenite took place by a diffusional mechanism 20 . As mentioned above, austenitic solution temperature was put at 1250ºC, this is because microalloying elements make the solution treatment response sluggish and therefore necessitate higher temperature to produce the solution results. Some carbonitrides were dissolved as much as possible during this temperature. Strong carbide-forming alloying elements promoted the formation of carbides and carbonitrides. The carbide/ carbonitride particles precipitated nucleation and growth during TMCP and isothermal stage. The strain-induced precipitation occurred mainly at dislocations and subgrain boundaries introduced by hot deformation 21 . It provided effective precipitation strengthening for the present steel. The precipitation behavior could decide the changes of the hardness curves.
According to Shahrooz
22 , as such the strengthening contribution is calculated using the Ashby-Orowan model which adequately describes the strengthening of precipitates between 3-30 nm sizes:
Where, α and β are constants, i.e 2.4 and 0.8 respectively, G denotes the shear modulus; 80.3 GPa, b is the magnitude of the Burger's vector, 2.5×10 -10 m, r is particle radius and L represents interparticle spacing given by
(f is volume fraction). The results of calculated strengthening contribution of the precipitates are given in Table 3 . In Table 3 , the strengthening contributions of precipitates reached 43.315 MPa, 47.416 MPa, 63.048 MPa and 53.294 MPa when the specimens were isothermally held for 5, 600 and 3600 s, respectively. This meant that Vickers hardness was mainly attributed to the precipitation strengthening. The hardness variation was decided by precipitation strengthening and the contribution of the matrix (mainly bainitic ferrite).
The interphase precipitation and the hardness
The smallest ferrite grain size (5.89 µm) was obtained due to water cooling after held 5 s at 700ºC. At the same time, the ferrite grain size was the maximum value (10.52 µm) for isothermal holding time of 30 s. It is considered a relatively minor contribution from fine ferrite grain in the present study occurred. And higher hardness value (Hv303) was obtained for isothermal holding time of 30 s. This was because the martensite and boundary strengthening effect became weak. It was well known that the interphase precipitation could occur in ferrite at the austenite/ferrite interface 23 . Precipitates could suppress grain growth because of pinning effect. The volume fraction and average size of the precipitates mentioned in Table 2 reached the maximum value after held 3600 s. The precipitates provide effective grain refinement although the coarsening of the particles results in a considerable decrease in the precipitation strengthening. The precipitates do retard grain growth to some extent. As a result, the coarsening of the ferrite grain size was controlled for isothermal holding times of 60, 600 and 3600 s ( Table 1 ).
The variation of Vickers hardness for the experiments described in Fig. 11 had also been related to the ferrite grain size. On the other hand, it was proposed that the precipitation strengthening played a more important role than grain refinement in enhancing the mechanical properties of linepipe steel. From a commercial perspective, the formation of interphase precipitation during TMCP was interesting for the linepipe steel production. Vickers hardnesses of the specimen exhibited high values for isothermal transformation of 30 to 600 s at 700ºC (Fig. 11) . This was because the interphase precipitation was a major microstructural contributor to the hardness (strength)
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. The interphase precipitation resulted in a strengthening of the matrix 24 . The strengthening effect was apparent for this condition. The hardness increased rapidly at 30 s (Fig. 11) . Therefore, the interphase precipitation seemed to begin for isothermal holding time greater than 30 s.
The interphase precipitation increased in frequency with prolonged holding at 700ºC. The hardness of X90 linepipe steel showed sharp increases to the peak owing to the precipitation of very finely dispersed carbide/carbonitride at 600 s. The nanoprecipitates were formed through transition of solute clusters and/ or metastable precipitates that had a composition and structure different from the stoichiometric equilibriumphase 25 . These precipitate particles, except the formation of the undissolved precipitates, included the precipitation of Nb/Ti carbonitride precipitate during the deformation and the subsequent cooling and isothermal stage after deformation. They were fcc (Ti, Nb) (N, C) particles which belonged to the MX-type precipitates (Fig. 9) . The main precipitates intervening in increasing strength was carbonitrides even though the nitrogen content was low (45ppm). Consequently, the strengthening contribution of precipitates reached the maximum value under this condition (Table 3) . Vickers hardness reached the maximum value for the specimen after isothermal holding for 600 s. This was because effective precipitation strengthening was provided in this case. It was favorable for the applications in the linepipe steel production process.
It was clear that large amounts of polygonal ferrite even pearlite gradually emerged with prolonged holding at 700ºC. The hardness value dropping was attributed to the variational results of microstructure constituents ( Fig. 11 and Table 1 ). The presence of large amounts of polygonal ferrite resulted in the decrease of the hardness value. On the other hand, the precipitates could distribute throughout the specimens with long time retention. They also belonged to the MX-type precipitates ( Fig.10 (b) ). Average size of precipitates reached the maximum value, and the strengthening contribution of precipitates markedly decreased over a long time period during isothermal holding (Table 3 ). The beneficial effects of precipitation strengthening decreased due to the coarsening of the precipitates (Fig.10 (a, b) ). It affected the hardnesses. As a result, the variation of Vickers hardness took on a phenomenon of rise and decrease.
Conclusions
1. Bainitic ferrite, acicular ferrite and granular bainite transformation occurred with increasing holding times at 700ºC. There was the amount of martensite in the microstructure for isothermal holding times of 5 and 10 s at 700ºC. The effects of martensite strengthening were weak. The hardness value dropping was attributed to formed polygonal ferrite for the specimens after isothermal holding for 3600 s at 700ºC. 2. The precipitation strengthening played a more important role during holding isothermal for X90 linepipe steel. The changes of the hardness curves were decided by the precipitation behavior. The interphase precipitation seemed to begin for isothermal holding time greater than 30 s. It had a peak value for isothermal holding time of 600 s. Some fcc (Ti, Nb) (N, C) particles which belonged to the MX-type precipitates were obtained at this condition. Vickers hardness was mainly attributed to the precipitation strengthening. 3. The beneficial effects of precipitation strengthening decreased due to the coarsening of the precipitates with prolonged holding, which resulted in the hardness quickly dropping. As a result, the hardness exhibited a low value after isothermal holding for 3600 s because the extent of precipitation strengthening was lessened and a lot of polygonal ferrites were formed.
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